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We report on simultaneous sub-Doppler laser cooling of fermionic 6Li and 40K using the D1
optical transitions. We compare experimental results to a numerical simulation of the cooling
process applying a semi-classical Monte Carlo wavefunction method. The simulation takes into
account the three dimensional optical molasses setup and the dipole interaction between atoms and
the bichromatic light field driving the D1 transitions. We discuss the physical mechanisms at play,
we identify the important role of coherences between the ground state hyperfine levels and compare
D1 and D2 sub-Doppler cooling. In 5 ms, the D1 molasses phase largely reduces the temperature for
both 6Li and 40K at the same time, with a final temperature of 44µK and 11µK, respectively. For
both species this leads to a phase-space density close to 10−4. These conditions are well suited to
directly load an optical or magnetic trap for efficient evaporative cooling to quantum degeneracy.
PACS numbers: 37.10.De, 32.80.Wr, 67.85.-d
INTRODUCTION
The road towards quantum degeneracy in atomic gases
usually starts with a laser cooling and trapping phase.
The resulting initial phase-space density of the atomic
ensemble and the initial collision rate should be as large
as possible for initiating efficient evaporative cooling to
quantum degeneracy. Sub-Doppler cooling has proven
to be a powerful technique to increase the phase-space
density of most alkali atoms and other atoms with multi-
ple level structure [1–3]. However, in the case of lithium
and potassium, the narrow excited-state structure of the
D2 transition compromises the efficiency of this cooling
scheme [4, 5]. Both species possess stable fermionic and
bosonic isotopes, and they play an important role in re-
cent experimental studies of strongly correlated quan-
tum gases. Thus, important efforts have been devoted to
search for alternative laser cooling schemes.
For instance, it has recently been shown that three di-
mensional Sisyphus cooling for 7Li, some GHz red de-
tuned from the D2 line, can lead to temperatures as
low as 100µK with up to 45 % of the atoms in the
cooled fraction [6]. A second option is to operate the
magneto-optical trap (MOT) on a transition with smaller
linewidth to reduce the Doppler temperature [7–9]. Such
transitions exist for 6Li and 40K in the near-UV and blue
regions of the spectrum, respectively, leading to tempera-
tures of 33µK for 6Li and 63µK for 40K. Yet, special op-
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tics and a coherent source at 323 nm for 6Li and 405 nm
for 40K are needed for this approach. Additionally, at
these wavelengthes the available power is still a limiting
factor.
More recently a simpler sub-Doppler cooling scheme
using blue detuned molasses operating on the D1 line was
proposed and demonstrated on 40K [10] and has been
extended to other atomic species such as 7Li [11], 39K
[12, 13] and 6Li [14]. Using this technique, temperatures
as low as 20 µK (40K), 50 µK (7Li), 6 µK (39K) and
40 µK (6Li) were reached.
Even though the main ingredients of the D1 cooling
scheme are now understood at a qualitative level, in
particular the role of the coherences between hyperfine
ground-state levels [11], a complete picture, taking into
account the full level-structure of the atoms, is still miss-
ing. In this paper, we present a three-dimensional semi-
classical solution of the optical Bloch equations that takes
into account the full set of relevant energy levels of alkali
atoms and we apply it to the case of 6Li and 40K. The
model fully confirms the experimentally observed cooling
behaviour and its robustness with respect to changes in
experimental parameters. The model is validated by a
good match between the simulation and the experimen-
tally measured temperature and fluorescence rate. We
recover the important role of the Raman-detuning be-
tween the main cooling laser and the repumping laser
on the achievable temperature. We show here for both
6Li and 40K, that the gain in temperature of a factor of
∼3 at the exact Raman-resonance is well reproduced by
the theoretical model and that the amount of coherence
between both hyperfine states shows a pronounced res-
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2onance behavior. Beyond individual studies of the two
species, we also show experimentally that simultaneous
cooling of 6Li and 40K does not lead to any severe trade-
off and is technically easy to implement. We are able to
capture more than 1 × 109 atoms of each species, with
a capture efficiency exceeding 60 % from a compressed
magneto-optical trap (CMOT), and reach temperatures
as low as 44µK for 6Li and 11µK for 40K within 5 ms.
I. D1 COOLING MECHANISM
In a typical D1 cooling setup (Fig. 1), all the D1 hy-
perfine levels are involved in the interaction. The sub-
Doppler cooling effects include a mix of Sisyphus cooling,
motion-induced and off-resonant light coupling from gray
to bright levels, and coherent population trapping of slow
atoms in nearly decoupled states. In this section we first
introduce our semi-classical laser cooling model. We then
present and compare the results from experimental ob-
servations and numerical simulations, and finally discuss
the physical mechanism of D1 cooling.
A. Semi-classical Monte Carlo simulation
The level diagrams of our bichromatic cooling scheme
for both 6Li and 40K are depicted in Fig. 1. The D1
molasses is composed of a 3D lattice whose polariza-
tion configuration is the same as that of a six-beam
standard MOT, but with two sidebands to address the
|F = 3/2〉 and |F = 1/2〉 hyperfine ground states of 6Li
(resp. |F = 9/2〉 and |F = 7/2〉 for 40K) in the D1 Λ-
system at positive detunings.
Here, by convention, we refer to the |F = 3/2〉 → |F ′h〉
and |F = 1/2〉 → |F ′h〉 transitions as cooling/repumping
transitions. It is however important to notice that neither
the cooling nor the repumping D1 transitions are actually
closed.
Our numerical simulation of the cooling process is
based on a semi-classical Monte Carlo wavefunction
method. The simulation takes into account the three
dimensional optical molasses setup and the dipole in-
teraction between the single atoms and the polarized
light driving the transitions of the D1 manifold, which
is spanned by the 4(2I+1) hyperfine Zeeman sub-levels
(I > 0 is the nuclear spin). We treat the external states of
the atom classically and update its position r(t) and ve-
locity v(t) according to the calculated expectation value
of the light force
f(t) =
〈ψ(t)| − ∇Heff(r(t)) |ψ(t)〉
〈ψ(t)|ψ(t)〉 . (1)
The atomic internal states |ψ(t)〉 evolve in a dressed basis
with respect to the cooling laser (Fig. 1), according to
the Monte Carlo wave function method [15, 16] with the
effective rotating-wave Hamiltonian
Heff = H0 +HF=I−1/2 +HF=I+1/2 − iΓˆ/2, (2)
where
H0 =
∑
m
|F = I − 1/2,m〉 ~∆ 〈F = I − 1/2,m|
−
∑
F ′m′
|F ′,m′〉 ~(δcool + δhfs,F ′) 〈F ′,m′| . (3)
Here H0 operates over the whole D1 manifold, δcool is
the detuning of the cooling laser with respect to the F =
I + 1/2 → F ′h transition, where F ′h (Fig. 1) corresponds
to the excited hyperfine level that is higher in energy, e.g.
F ′h = 3/2 for
6Li and F ′h = 7/2 for
40K. ∆ = δrep−δcool is
the two-photon detuning for the F = I − 1/2→ F = I +
1/2 Raman-transition, and δhfs,F ′ the hyperfine splitting
of the excited state for F ′l and zero for F
′
h. The zero
of energy is chosen as that of the bare F=I+1/2 ground
state.
The light-atom coupling Hamiltonian
HF=I±1/2 = ~
∑
m,σ,F ′,m′
ΩF,σ cF,m,σ,F ′,m′
× |F,m〉 〈F ′,m′|+ h.c. (4)
describes the cooling (F = I + 1/2) and repumping
(F = I − 1/2) interactions [17]. Here ΩF,σ are the Rabi
frequencies of the repumping and cooling laser beams for
F = I − 1/2, I + 1/2 respectively. cF,m,σ,F ′m′ repre-
sent the Clebsch-Gordan coefficients associated with the
transitions coupled by σ polarized light. To take into
account the radiation damping we include the sponta-
neous emission rate Γˆ = ΓPˆee where Γ is the excited-
state linewidth and Pˆee =
∑
F ′,m′ |F ′m′〉 〈F ′m′|. This
leads to a decay of the internal state wave function norm
〈ψ(t) |ψ(t)〉. The speed of this decay probabilistically dic-
tates the collapse of the internal quantum states in the
numerical simulation, which corresponds to spontaneous
emission. We take into account the polarization of the
spontaneous scattering photon and follow the standard
quantum jump procedure to project the atomic states
to ground states with its norm reset to unity [15]. To
effectively account for heating due to both absorption
and spontaneous emission, we assign a recoil momentum
shift to v(t) twice before continuing to evolve |ψ(t)〉 via
Heff(r(t)).
The simulations are performed with parameters match-
ing the experimental setup by properly introducing the
spatially-dependent ΩF,σ(r), the detunings ∆, δcool, and
atomic initial conditions. To reproduce experimental
conditions, we fix the relative phases for all the 12 cool-
ing and repumping laser beams at values randomized
for each simulation trial. We record the evolution of
the 3D atomic velocity, the time-stamped fluorescence
events corresponding to quantum jumps, as well as inter-
nal states properties such as state population and coher-
ence. The observables are averaged over multiple simu-
lation trials for comparison with the experiment.
3F′ = 3/2 (F′h)
F′ = 1/2 (F′l)
F′ = 7/2 (F′h)
F′ = 9/2 (F′l)
FIG. 1. (Color online) Cooling scheme on the 6Li and 40K D1 lines. The cooling beam (blue) is blue detuned by δcool
from the |F = 3/2〉 → |F ′h = 3/2〉 (|F = 9/2〉 → |F ′h = 7/2〉) transition where F ′h (F ′l ) is the upper (lower) excited state
level. The repumping beam (red) is blue detuned by δrep from the |F = 1/2〉 → |F ′h = 3/2〉 (|F = 7/2〉 → |F ′h = 7/2〉)
transition. The detuning from the Raman-condition is denoted by ∆ = δrep − δcool.
B. Raman-detuning dependence for 6Li
A critical parameter in the D1 molasses scheme is the
Raman-detuning ∆ (Fig. 1). In the following we investi-
gate the Raman-detuning dependence of the 6Li molasses
temperature and fluorescence rate both theoretically and
experimentally, for various cooling and repumping laser
intensities.
Our 6Li-40K machine is described in [18]. We first load
a lithium MOT using a laser slowed atomic beam (Zee-
man slower). After a compressed MOT phase the mag-
netic field and the D2 light are switched off and the D1
molasses is applied (a more detailed description of the
sequence is presented in the Appendix). To probe the
Raman-detuning dependence we apply a 100µs D1 mo-
lasses pulse with variable ∆ to an atomic cloud precooled
to 100µK. Figures 2a and 2b show the fluorescence rate
and the temperature after the pulse as functions of the
Raman-detuning ∆ for the intensities used in the simu-
lations. We observe a temperature dip at zero Raman-
detuning and a heating/fluorescence peak at positive ∆
whose position and amplitude are correlated to the mo-
lasses intensity.
In the simulations we set the initial velocity of lithium
to 0.2 m/s (T ∼ 30 µK). The simulation time is set to
200 µs. In the first 100 µs we allow the cooling dy-
namics to equilibrate, and during the second 100 µs we
record the velocity v(t) as well as the time-stamped quan-
tum jump events to calculate the equilibrium tempera-
ture and fluorescence rate. At each Raman-detuning we
average over 25 trajectories. The simulation results for
two different intensities Icool = 2.7 Isat, Irep = 0.13 Isat
and Icool = 9 Isat, Irep = 0.46 Isat are shown in Figs. 2c
and 2d, respectively (here Isat refers to the saturation
intensity of the D2 line).
The simulated heating/fluorescence peak positions for
low and high intensities (Fig. 2) agree well with the ex-
perimental findings. Also the shift between the heating
and fluorescence peak, which increases with the molasses
intensity, is numerically reproduced without any freely
adjustable parameters.
Despite the nice match between simulations and exper-
iments in Figs. 2 and 3, we observe that the semi-classical
simulations provide temperatures that are systematically
a factor two to four lower than the measured ones, partic-
ularly near the Raman-resonance condition ∆ = 0. Here
the simulation predicts a temperature of 20 µK whereas
the lowest measured temperature is 50 µK. The reason
for this is not fully understood and may come both from
theory and experimental limitations. First the simula-
tion is semi-classical and neglects the wavefunction ex-
tent of the cold atoms. The predicted temperature of
20µK corresponds to only six times the recoil energy
ER =
1
2mv
2
recoil = kB×3.5µK. Therefore, only a quantum
treatment of the atoms external motion can be expected
to give a quantitative equilibrium temperature prediction
in the low intensity limit. In the simulation we observe
that slow atoms are likely trapped within sub-wavelength
regions, where the light shift is minimal and the atom
is nearly decoupled from light over a long time without
quantum jump. This coherent population trapping ef-
fect enhances the cooling at both large and small ∆, al-
though it is most pronounced at the Raman-resonance
(∆ = 0) since more choices of decoupled states emerge.
The semi-classical picture clearly exaggerates the cool-
ing effect since the wave nature of the atom’s external
4−1 −0.5 0 0.5 1
0.2
0.3
0.4
Raman-detuning ∆ (units of Γ)
F
lu
or
es
ce
n
ce
ra
te
(a
rb
.u
n
it
s)
101
102
103
T
em
p
er
a
tu
re
(
µ
K
)
(a) Experiment: Low intensity
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(b) Experiment: High intensity
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(c) Simulation: Low intensity
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(d) Simulation: High intensity
FIG. 2. (Color online) Fluorescence (squares) and temperature (triangles, logarithmic scale) of the 6Li atomic cloud
after a 100µs pulse of D1 light with variable Raman-detuning ∆. (a) and (c) show the experimental and simulation
results for Icool = 2.7 Isat, Irep = 0.13 Isat, (b) and (d) for Icool = 9 Isat, Irep = 0.46 Isat per beam.
motion is not included in the model. In fact, the wave
function of the slow atoms will sample a larger volume of
the sub-wavelength traps and will shorten the lifetime of
the dark periods.
On the experimental side the residual magnetic field
cancellation has only been coarsely tuned for the data
set presented in Fig. 2 (as well as in Figs. 3 and 4).
With careful tuning of the magnetic field zeroing we were
able to lower the 40K temperature to 11µK (Section I C
on 40K) for lower density samples. Interestingly, other
groups have indeed found on 39K lower temperatures
(6µK) than ours at the Raman condition [12]. Note also
that in Fig. 2 for positive Raman detunings (∆ ∼ 0.5 Γ
at low intensity and ∆ ∼ Γ at high intensity) the “tem-
perature” corresponds to out of equilibrium situations as
the atoms are quickly heated away and lost from the mo-
lasses. The notion of temperature should thus be taken
with care in this region, unlike for negative Raman de-
tunings where a steady-state temperature is reached.
Another reason for shortening the lifetime of dark pe-
riods of the slow atoms is re-absorption of photons emit-
ted by other atoms. We have indeed seen a density de-
pendent excess temperature which we measured to be
4.6µK× 1011 at./cm3 for 40K. A careful simulation of
cooling including photon re-absorption processes is far
more complex and is beyond the scope of this work.
We also study the same Raman-detuning dependent
effects, but for different cooling/repumping ratios. Typ-
ical experimental and simulation results are presented in
Fig. 3. Here again, the simulation parameters are cho-
sen according to the experimental values. The simulation
and experiments match fairly well. In particular, for the
usual configuration with Icool/Irep > 1 (Icool = 9 Isat
and Irep = 0.45 Isat), we observe a heating peak at
∆ > 0. When inverting the roles of the cooling and
repumping light, i.e. Icool/Irep < 1 (Icool = 0.6 Isat and
Irep = 4.6 Isat), the heating peak appears for ∆ < 0 in-
stead. In all cases, cooling is most efficient at the Raman-
resonance (∆ = 0). Finally, for Icool equal to Irep, both as
large as 9 Isat, we observe less efficient cooling at ∆ = 0
with moderate heating at blue and red detunings.
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FIG. 3. (Color online) Temperature of the 6Li D1 mo-
lasses after a 100µs pulse with variable Raman-detuning
∆ for different cooling and repumping intensities. Stan-
dard intensities (red circles): Icool = 9 Isat, Irep =
0.46 Isat. Equal cooling/repumping ratio (black squares):
Icool = Irep = 9 Isat. Inverted cooling/repumping ratio
(blue triangles): Icool = 0.6 Isat, Irep = 4.6 Isat.
C. Raman-detuning dependence for 40K
Typical simulation results for 40K are shown in Fig. 5a.
Compared to 6Li, simulations for 40K require significant
higher computational power due to larger internal state
dimensions as well as a larger atomic mass and therefore
slower cooling dynamics. To save computation time, we
start at a velocity of 0.2 m/s (T ∼ 50 µK), and set the
simulation time to 2 ms. We record the velocity v(t)
as well as the time-stamped quantum jump events for
t > 1 ms to calculate the fluorescence rate. For each
Raman-detuning ∆, 13 trajectories are simulated.
Experimental results for 40K are presented in Fig. 4,
showing the temperature and atom number of the D1
molasses as functions of the Raman-detuning ∆. The
total molasses duration tm = 5 ms. In the last 2 ms a lin-
ear intensity ramp to Icool = 6 Isat is performed. Just
like 6Li, we observe a sharp temperature drop at the
0
100
200
50
150
T
em
p
er
a
tu
re
(µ
K
)
−0.2 0 0.2
20
40
60
−6 −4 −2 0 20
0.5
1
1.5
2
Raman-detuning ∆ (units of Γ)
A
to
m
n
u
m
b
er
(1
0
9
)
FIG. 4. (Color online) Experiment: Atom number and
equilibrium temperature of the 40K D1 molasses as func-
tions of the Raman-detuning ∆. δcool = 3 Γ, Icool =
6 Isat, Irep/Icool = 7.6 %, tm = 5 ms. In the constant
temperature regions below−0.1 Γ and above 2 Γ gray mo-
lasses cooling involves coherences between Zeeman states
in a given hyperfine state but not between hyperfine
states. At the exact Raman-condition ∆ = 0, long-lived
coherences between hyperfine states are established, as
can be seen in the simulation in Fig. 5. In a narrow de-
tuning range, the temperature (red triangles) drops to
20µK (inset: expanded scale).
Raman-condition, a heating resonance at ∼0.7 Γ and con-
stant temperature regions below −0.1 Γ and above 2 Γ.
For the constant temperature regions the temperature
T ∼ 45µK is small compared to the Doppler-temperature
TDoppler,K = 145µK. On the Raman-condition the tem-
perature decreases to 23µK. In carefully optimized con-
ditions we measured temperatures as low as 11µK.
As for 6Li, the comparison between Fig. 4 and Fig. 5a
again demonstrates the qualitative agreement between
simulations and experimental results and that the heat-
ing peak position is reproduced by the simulation without
adjustable parameters. Interestingly the inverted hyper-
fine structure in the ground and excited states of 40K and
the different F → F ′ = F − 1 transition for the cooling
laser and F → F ′ = F repumping transition does not
significantly modify the D1 cooling scheme as compared
to 6Li.
D. The D1 cooling mechanism
The agreement between simulation and experiment
suggests that the semi-classical picture is able to catch
the essential physics behind the D1 molasses cooling. In
particular, the mechanisms behind the cooling dips and
heating peaks in Figs. 2 to 4, previously interpreted us-
ing the dressed atom picture with a simplified three-level
model [11], survive in the full level scheme of the D1
transition.
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FIG. 5. (Color online) Simulation: Hyperfine coherence
and Λ-enhanced cooling for the 40K D1 molasses. Simu-
lation time 2 ms, δcool = 3 Γ, Icool = 6 Isat, Irep/Icool =
7.6 %. (a) Fluorescence (squares) and temperature (tri-
angles) as functions of the Raman-detuning ∆. (b) Co-
herence 4 · 〈ρ2F=7/2,F=9/2〉 between the two hyperfine
ground states F = 7/2 and F = 9/2 (see Section I E).
The coherence is peaked at the Raman-resonance condi-
tion, with a width matching the temperature dip.
It is well known that efficient D2 sub-Doppler cool-
ing requires isolated excited hyperfine levels for alkaline
atoms [4, 5]. In contrast, the D1 gray molasses operates
well even when all D1 levels are excited (as is the case
of 6Li) and even at zero excited-state hyperfine splitting
as confirmed numerically. The robustness of D1 molasses
is also seen in its insensitivity to the relative phase be-
tween the “cooling” and “repumping” lattices, a critical
parameter for D2 bichromatic cooling where no polariza-
tion gradient was introduced [19].
In the following we discuss the physics behind the ro-
bustness of the D1 sub-Doppler cooling. We then revisit
the cooling dips and heating peaks in Figs. 2 to 4.
We notice all the dipole allowed D1 transitions (Fig. 1)
are “open”: when addressed with weak off-resonant light,
the probability of inelastic (mF - or F -changing) photon
scattering is comparable to or larger than that of elas-
tic scattering. When blue detuned from the D1 transi-
tions, an off-resonant bichromatic lattice can establish a
correlation between the spatially varying light shift (due
to virtual elastic scattering) and decay (due to real in-
elastic scattering) for the dressed ground states, since a
larger light shift is accompanied with a stronger light-
atom coupling and typically a larger inelastic scattering
cross-section.
We verify this idea with the full D1 model for
6Li atoms
subjected to a 1D lattice with orthogonal linear polar-
izations (lin⊥lin configuration) with typical cooling pa-
rameters. The spatially varying light shifts  of the six
dressed ground states of 6Li are plotted in Fig. 6a. The
decay of the dressed states, due to inelastic light scatter-
ing, are characterized by the decay rate γ that is plotted
versus  in Fig. 6d. We see a correlation between  and γ
for  < 1.5 MHz. Such correlation is robustly established
for the D1 transitions, as verified numerically in the more
complicated 3D lattices and for other atomic species. The
correlation even persists for a fictitious atom with van-
ishing D1 hyperfine splitting and reduced mF -changing
light scattering [20].
Such a correlation between the spatially dependent
light shift  and decay rate γ has two consequences:
First, atoms with kv < γ tend to accumulate in
dressed states with low light shifts, which facilitates cool-
ing through motion-induced coupling to higher energy
dressed states [21]. This coupling is non-adiabatic as in
the famous σ+–σ− 1D velocity selective coherent popu-
lation trapping sub-recoil cooling mechanism (VSCPT),
where the spatial gradient of the atoms wavefunction
induces a coupling to a bright state. Second, for a
slowly moving atom that adiabatically follows a partic-
ular dressed state, the atom tends to leave the dressed
state when the light shift is high, leading to Sisyphus
cooling. In addition, at locations where , γ ∼ 0, slow
atoms can be confined near the local dark states such as
those in Fig. 6a near x = 0, λ/8, λ/4, 3λ/8 [22]. The
resulting optical cooling force is plotted in Fig. 6g and is
negative (cooling effect) over a broad range. We empha-
size that this simplified 1D analysis remains valid in the
more complex 3D beam geometry and is not restricted to
6Li atoms. The D1 laser cooling mechanism applies to all
alkalis even those amenable to efficient D2 sub-Doppler
cooling such as cesium or rubidium. As D1 laser cool-
ing involves dark states it is less affected by density de-
pendent photon multiple scattering and heating than D2
sub-Doppler cooling. Therefore it would be interesting
to quantify the gain in phase-space density by applying
D1 sub-Doppler cooling for these atoms.
In comparison, sub-Doppler cooling on the D2 lines
is significantly different. While the F = I ± 1/2 →
F ′ = I ± 1/2 transitions are as “open” as in D1, the
F = I + 1/2 → F ′ = I + 3/2 and F = I − 1/2 →
F ′ = I − 3/2 have both “closed” and “open” transi-
tions. Here the “closed” transitions are characterized by
a greater-than-unity elastic-to-inelastic scattering ratio.
If the F = I + 1/2 → F ′ = I + 3/2 transitions can be
isolated, then by taking advantage of the nearly closed
7(a)
0 0.2 0.4
0
1
2
E
n
er
gy

(M
H
z)
(d)
0 1 2
0
0.5
1
1.5
D
ec
ay
ra
te
γ
(1
/
µ
s)
0 0.5 1 1.5
−8
−6
−4
−2
0 (g)
0 0.2 0.4
0
1
2
3
E
n
er
g
y

(M
H
z)
(b) (e)
0 1 2 3
0
0.5
1
1.5
D
ec
ay
ra
te
γ
(1
/
µ
s)
0 0.2 0.4
−1
0
1
2
Position x/Wavelength λ
E
n
er
gy

(M
H
z)
(c) (f)
−1 0 1 2
0
0.5
1
1.5
Energy  (MHz)
D
ec
ay
ra
te
γ
(1
/
µ
s)
0 0.5 1 1.5
−6
−4
−2
0
Velocity v (m/s)
(i)
∆ = 0Γ ∆ = 0Γ ∆ = 0Γ
∆ = Γ/2 ∆ = Γ/2 ∆ = Γ/2
∆ = −Γ/4 ∆ = −Γ/4 ∆ = −Γ/4
A
cc
el
er
a
ti
o
n
(1
0
4
m
/
s2
)
A
cc
el
er
a
ti
o
n
(1
0
4
m
/
s2
)
A
cc
el
er
at
io
n
(1
0
4
m
/
s2
)
(h)
0 0.5 1 1.5
4
2
0
−2
−4
FIG. 6. (Color online) Cooling mechanism around Raman-condition in a simplified model. Optical Bloch equation
simulation for 6Li subjected to a 1D bichromatic lattice with linear orthogonal polarizations near D1 resonance. The
cooling lattice and repumping lattice are displaced by pi (λ/4). Icool = 15 Isat, Irep = 0.75 Isat, δcool = 4 Γ. (a)(b)(c)
dressed states as functions of the position in units of the D1 optical wavelength. The two dressed F = 1/2 levels
(light blue and orange) are nearly flat in all the graphs due to the small Irep. (d)(e)(f) show the decay rate of dressed
states as a function of their energy shifts. Here the two dressed F = 1/2 levels span a very small energy range and are
with low decay rate. (g)(h)(i) show the velocity-dependent optical force for an atom dragged with velocity v. Figs.
(a)(d)(g) are for ∆ = 0; Figs. (b)(e)(h) are for ∆ = Γ/2. Figs. (c)(f)(i) are for ∆ = −Γ/4. Note the negative sign of
the force in (g) and (i) implying cooling, and the anti-cooling force for velocities near 0.5 m/s in (h).
mF − mF ′ transitions, a correlation between the light
shift and decay rate can be established with (instead)
a red detuned lattice, as in standard sub-Doppler cool-
ing [1–3]. However, in case of small hyperfine splitting
the “open” hyperfine transitions are as well addressed at
red detuning, leading to short-lived potential minima and
degraded correlations, contributing to the inefficiency of
the sub-Doppler cooling [23].
E. Physical picture of the Raman-detuning effect
We now extend the three-level picture of Ref. [11] to
understand the details of the experiment. The cooling
dips observed both experimentally and numerically at
the Raman-resonance condition are also fairly easy to
understand in the full model: At ∆ = 0 the resonant
Raman-coupling splits the F = I± 1/2 hyperfine ground
states into a bright and a dark manifold. The dark man-
ifold is weakly coupled to the molasses. More precisely,
8the coupling strength of the Raman dark manifold is even
weaker than those due to individual cooling/repumping
couplings. Therefore the emergence of the Raman dark
manifold enhances all sub-Doppler cooling effects.
Since the dark manifold is a coherent superposition of
the two hyperfine states F1 = I − 1/2 and F2 = I + 1/2,
we expect that laser cooled atoms mostly occupy the
dark manifold and therefore display a hyperfine coher-
ence ρF1,F2 with significant amplitude. To test this pic-
ture, we record the time-dependent off-diagonal density
matrix quantity 4 · 〈ρ2F1,F2(t)〉 for all the quantum tra-
jectories of the numerical simulations. The factor 4 en-
sures the normalization to one for the maximally coher-
ent situation. To compute the two-photon detuning ∆
dependent quantity 4 · 〈ρ2F1,F2〉 we average over both the
equilibrium time and many quantum trajectories at fixed
∆. Typical results for 40K are given in Fig. 5 with the
cooling parameters corresponding to Fig. 4. We see that
the coherence 4·〈ρ2F1=7/2,F2=9/2〉 is peaked at the Raman-
resonance condition and becomes significant with a width
matching the temperature dip.
As in Figs. 2 to 4 and [11] we now explain the heating
peaks with the full D1 model. We first focus on the case
of Icool  Irep so that at large |∆| the dressed F = I−1/2
hyperfine level is relatively long-lived and populated. As
in Figs. 6b,c, the Raman-detuning ∆ determines the en-
ergy level of the dressed F = I−1/2 hyperfine level, and
it is clear that when ∆ < 0, the motion-induced-coupling
to the dressed F = I + 1/2 level should still contribute
to cooling (as in Figs. 6c,f,i) [21], apart from Sisyphus
cooling. On the contrary, for ∆ > max[F=I+1/2], e.g. a
Raman-detuning beyond the maximum light shift of the
dressed F = I+1/2 manifold (as in Fig. 6b,e,h), motion-
induced coupling to the lower energy dressed F = I+1/2
manifold would lead to heating. In addition, the Sisyphus
effect at the F = I + 1/2 manifold also contributes to
heating, since atoms coupled from F = I − 1/2 are more
likely to start at the anti-trap positions. The correspond-
ing heating peak is located at ∆ ∼ max[F=I+1/2] > 0.
When Icool  Irep, the heating peak is shifted to
∆ ∼ −max[F=I−1/2] < 0, as in Fig. 3. This is straight-
forward to understand as the role of the two hyperfine
ground states are now inverted with respect to the pre-
vious case. Finally, for Icool ∼ Irep, the two hyperfine
ground states have similar lifetimes and therefore simi-
lar steady-state populations. As the heating effects are
balanced by cooling effects, the corresponding heating
peaks in Fig. 3 (black squares) at ∆ ∼ max[F=I+1/2],
∆ ∼ −max[F=I−1/2] are substantially suppressed.
II. SIMULTANEOUS 6Li AND 40K D1 COOLING
Finally, we discuss the simultaneous operation of the
6Li and 40K D1 molasses. We found that this simulta-
neous operation is required for subsequent efficient ther-
malization between both species in a quadrupole mag-
netic trap. The timing sequence and parameters are the
same as for single-species operation. Experimental de-
tails are given in the Appendix and in [10]). The D1
molasses phase is composed of a 3 ms capture phase and
a 2 ms cooling phase. Table I summarizes the optimal
parameters of the dual-species molasses. The presence
Potassium Lithium
P (mW) 230 300
δcool (Γ) 2.3 4
δrep (Γ) 2.3 4
Icool per beam (Isat) 14 14
Icool/Irep 8 20
D line properties 40K 6Li
Γ/(2pi) (MHz) 6.04 5.87
Isat (mW/cm
2) 1.75 2.54
TABLE I. Parameters of the simultaneous 6Li and 40K
D1 cooling phase.
of the other species reduces the atom numbers in the
MOTs by 4 % for 6Li and by 10 % for 40K. However,
we observe no mutual influence during the CMOT and
the D1 molasses phase. The temperatures and relative
atom numbers in dual-species operation do not differ
from single-species operation. This has several reasons.
First, the D1 resonances and lasers are ∼100 nm apart
in wavelength. Second, the CMOT and molasses phases
are short in duration (5ms) and the light-induced inter-
species collision losses or heating are minimized as atoms
are accumulated in dark states. Table II summarizes the
performance of the different experimental phases in dual
species-operation. For both 6Li and 40K the D1 molasses
phase largely reduces the temperature while the cloud-
size after the CMOT phase is conserved. For both species
this leads to a phase-space density close to 10−4.
T N n φa
(µK) (×109) (×1010 cm−3) (×10−5)
Lithium
MOT 1000 2 2.6 0.03
CMOT 800 2 18 0.29
Molasses 48 1.2 7.6 8.2
Potassium
MOT 240 3.2 7 0.02
CMOT 2000 3.2 37 0.06
Molasses 11 3.2 30 10.7
a The given phase-space density does not take into account the
different internal states and is calculated as φ = nλ3B, where λB
is the thermal de Broglie wavelength.
TABLE II. Performance of the different experimental
phases for 6Li and 40K, in dual species operation. We
show the optimum temperature T , the atom number N ,
the density n and the phase-space density φ.
9III. CONCLUSION
In this study we have investigated the properties of
D1 laser cooling both experimentally and with numerical
simulations. The simulations take into account all rele-
vant Zeeman and hyperfine levels as well as the three di-
mensional bichromatic lattice geometry. Simulations and
experimental results match fairly well for both lithium
and potassium. Various sub-Doppler cooling effects [10]
are recovered in the full model. We have outlined the im-
portance of coherences between the ground-state hyper-
fine levels [11] and interpreted the cooling mechanisms
as resulting from a combination of VSCPT-like non-
adiabatic transitions between dark and coupled states
and Sisyphus-type cooling. The discrepancy (factor two
to four) between the temperature predicted by the semi-
classical model and the experimentally observed ones
calls for further investigations and the development of
a full quantum treatment of the external atomic motion
using a Monte-Carlo wave function approach [15, 29].
We discussed the physics behind the robustness of the
D1 cooling scheme, in particular its insensitivity to the
excited state hyperfine splitting and to the relative phase
between the cooling and repumping lattices, which is in
sharp contrast to its D2 counterpart [4, 5, 19]. We first
suggest and numerically verify that due to the predom-
inance of the “open transitions” at D1, the bichromati-
cally dressed ground states exhibit a robust correlation
between light-shift and decay. We clarify that such a
correlation leads to accumulation of atomic population
to the lowest energy dressed states at Raman-resonance
for both non-adiabatic and Sisyphus cooling. The picture
also helps to explain the enhanced cooling at Raman res-
onance, as well as the reduced cooling or even heating at
large Raman detunings. Because of a smaller absorption
cross-section for atoms cooled in weakly coupled states,
D1 gray molasses should also be less affected by the den-
sity dependent heating than their D2 counterparts [24].
Experimentally, using commercial semiconductor laser
sources delivering ∼200 mW of CW power, we achieve
efficient, simultaneous cooling of 6Li and 40K, resulting
in a phase space density close to 10−4 for both species.
This D1 cooling scheme enables efficient direct loading
of a dipole or magnetic trap because of the large gain
in temperature. As recently shown in [12, 14] these con-
ditions are well suited to directly load an optical dipole
trap and to perform all-optical evaporation to quantum
degeneracy. In our own experiments, we load a magnetic
trap, transport the atoms to a separate science cell, and
perform evaporative cooling of 40K in two Zeeman states
with a combined magnetic/optical trap scheme intro-
duced in [25]. Deep quantum degeneracy (T/TF = 0.14)
in the dipole trap has been achieved and will be the sub-
ject of a future publication.
Finally we have also used the D1 gray molasses scheme
to cool the bosonic 41K isotope. All of 5 × 109 41K
atoms from a CMOT were cooled to a final temperature
of 20µK leading to a phase-space density of 1.1 × 10−4.
This confirms the generality of this D1 sub-Doppler cool-
ing method.
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APPENDIX: EXPERIMENTAL DETAILS
In this section we describe the experimental details, as
well as results of additional measurements on the D1 mo-
lasses scheme, in particular, the single species operation
of 6Li.
Our experimental setup has been already described
previously [18]. A Zeeman-slower for 6Li and a 2D+-
MOT for 40K load the three-dimensional dual-species
MOT in the MOT-chamber. The D2 laser systems for
6Li and 40K comprise master oscillator power ampli-
fiers (MOPAs) to produce light at 671 nm and 767 nm
respectively. Beamsplitters and acousto-optic modula-
tors (AOMs) generate the cooling and repumping beams,
which are combined before injecting tapered amplifiers
for the Zeeman-slower and 3D-MOT for 6Li and accord-
ingly the 2D+-MOT and 3D-MOT for 40K.
The D1 laser system for
40K operates at 770 nm and
is composed of a MOPA and an electro-optic modulator
(EOM) to produce the repumping frequency. The to-
tal power used for the 40K cooling is 240 mW, with an
intensity per molasses beam of 14 Isat.
The source for the 6Li D1 light at 671 nm, used in this
work, is a home-made solid-state laser, the next genera-
tion of [26, 27], with up to 5 W output power. AOMs
allow to independently tune the frequencies and powers
of the cooling and repumping beams, before recombina-
tion and injection into an optical fiber. We typically use
300 mW total power for the 6Li D1 cooling. The waist of
the 6Li D1 beam after the telescope (Fig. 7) is 8.6 mm.
We have also used a commercial 671 nm tapered amplifier
system (MOPA) with 130 mW available power impinging
on the atoms and obtained similar performances for the
capture efficiency and sub-Doppler temperatures.
Our optical scheme superimposes the D1 and D2 light
for both 6Li and 40K and produces the molasses and
3D-MOT beams (Fig. 7). D-shaped mirrors (MD) su-
perpose the D1 cooling light and the 3D-MOT light of
each species before a dichroic mirror (Mdichroic) combines
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the lithium and potassium light. The beam containing
all eight frequencies is expanded and distributed to the
three pairs of σ+–σ− counter-propagating beams of the
3D-MOT and the D1 molasses. The two horizontal axes
are retroreflected, the vertical axis consists of two inde-
pendent beams. The λ/2 plates of order four for lithium
(λ/2∗Li) and potassium (λ/2
∗
K) allow for independent con-
trol of the 6Li and 40K MOT power distribution.
BS BSBS
FIG. 7. (Color online) Optical scheme of the D1-
molasses. The 3D-MOT light and the D1 cooling light are
superposed using a D-shaped mirror (MD). Afterwards
a dichroic mirror (Mdichroic) combines the lithium- and
potassium light, which is subsequently expanded and dis-
tributed to the three perpendicular axes of the 3D-MOT.
The experiment starts with loading the dual-species
MOT. In 10 s we typically load 8 × 108 6Li atoms with
an initial temperature of 1 mK and 3× 109 40K atoms at
200µK. Then a CMOT phase [28] increases the density
of the atom cloud. The magnetic gradient is linearly
ramped from 9 G/cm to 60 G/cm in 5 ms. Meanwhile the
frequencies of the cooling and the repumping beams are
tuned closer to resonance and their intensities are linearly
decreased. The CMOT phase results in an increase of the
peak density by a factor of 7 (5.3) and a temperature of
800µK (2 mK) for 6Li (40K). At the end of the CMOT
phase the current of the MOT-coils is switched off within
∼100µs. We start the D1 molasses phase for 6Li with a
delay of 200µs in order to wait for transient magnetic
fields to decay. We found that this delay is not needed
for 40K.
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FIG. 8. (Color online) Number of atoms captured in the
6Li D1 molasses (circles) and their temperature (trian-
gles) as functions of molasses duration, with a 1/e cool-
ing time constant τcool = 0.6 ms. The number of atoms
in the compressed MOT is 8× 108.
1. 6Li D1 molasses
Here we study the cooling dynamics of 6Li alone. We
set the peak intensity of the molasses to 14.6 Isat per
beam, the cooling/repumping ratio to Icool/Irep = 20
and fix the global detuning to δ = δcool = δrep = 4 Γ.
Here Isat = 2.54 mW/cm
2 is the saturation intensity of
the D2 cycling transition and Γ = 2pi × 5.87 MHz the
D1 line natural linewidth for
6Li. Figure 8 shows the
atom number and temperature of the D1 molasses as
functions of the molasses duration tm. The tempera-
ture is determined through time of flight measurements.
We capture 60 % of the 8 × 108 CMOT atoms. Within
3 ms the atoms are cooled from 800µK to the asymp-
totic temperature of 120µK with a 1/e cooling time con-
stant τcool = 0.6 ms. The direct measurement of the
fluorescence shows a very fast decay at the beginning
(τfast < 1µs), followed by a further decrease by another
factor of two within 2 ms. This indicates that the atoms
are accumulated in dark states during the cooling pro-
cess. We find the 1/e-lifetime of the D1 molasses atom
number for these parameters to be τD1 = 90 ms. The
molasses atom number and temperature as functions of
the global detuning δ is shown in Fig. 9. We observe a
decrease of the temperature from 188µK to 100µK for
δcool = 2 . . . 7. The capture efficiency raises sharply un-
til 4 Γ and stays constant until 7 Γ. We now study the
influence of the D1 light intensity. When increasing the
cooling intensity, while keeping the molasses time fixed
to 3 ms, we observe both an increase of the capture ef-
ficiency and of the temperature (Fig. 10). To take ad-
vantage of the intensity dependent temperature, we use
two successive phases in the cooling sequence. During the
first 3 ms we capture the atoms at high intensity, yielding
the highest capture efficiency. Then the intensity is lin-
early ramped within 2 ms to an adjustable final intensity
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FIG. 9. (Color online) Number of atoms captured in
the 6Li D1 molasses (circles) and their temperature (tri-
angles) after a 3 ms capture phase at high intensity
Icool = 14.6 Isat as functions of the global detuning
δ = δcool = δrep. The number of atoms in the compressed
MOT is 8× 108.
6 8 10 12 14
0
1
2
3
4
D1 cooling intensity (units of Isat)
A
to
m
n
u
m
b
er
(1
0
8
)
60
80
100
120
140
T
em
p
er
at
u
re
(µ
K
)
FIG. 10. (Color online) Number of atoms captured in
the 6Li D1 molasses (circles) and their temperature (tri-
angles) as functions of the D1 cooling beam intensity
for δcool = 4 Γ and Irep = Icool/20. The number of
atoms in the compressed MOT is 8 × 108. The atom
number (temperature) increases linearly with a slope of
4× 107 atoms/Isat (6.5µK/Isat).
to further lower the temperature. Figure 11 shows that
the intensity ramp reduces the final temperature from
115µK to 44µK without a significant atom loss for a fi-
nal intensity Icool,final = 2.5Isat. For lower intensities we
observe heating and atom loss.
The cooling/repumping intensity-ratio influences the
atom number and the temperature. We find an op-
timal temperature for Icool/Irep = 20. For a smaller
ratio the temperature increases slightly and the atom
number starts to drop at around Icool/Irep = 7. For
Icool/Irep > 33 the cooling mechanism becomes ineffi-
cient, leading to atom loss and heating.
Measuring the atom cloud size at the end of the CMOT
and molasses phases we see no significant change, proving
that the diffusion during the molasses phase is small. In
terms of phase-space density the atom loss is largely over-
compensated by the 14 times reduction in temperature.
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FIG. 11. (Color online) Number of atoms captured
in the 6Li D1 molasses (circles) and their temperature
(triangles) after a 3 ms capture phase at high intensity
Icool = 14.6Isat followed by a 2ms linear intensity ramp
to an adjustable value. The temperature increases lin-
early for larger intensity with a slope of ∼6µK/Isat The
detuning is fixed to δcool = 4 Γ. The number of atoms in
the compressed MOT is 8× 108.
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